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intraparietal sulcus; working memory; principal sulcus; neuron; neurophysiology COGNITIVE FUNCTIONS SUCH AS working memory and task switching have been traditionally viewed as the domain of the prefrontal cortex (PFC; Goldman-Rakic 1987; Miller and Cohen 2001) , although neurons in other areas of the association cortex also exhibit neural correlates of these cognitive operations. The posterior parietal cortex (PPC) is such an area that is activated in a wide range of cognitive tasks (Bisley and Goldberg 2010; Fitzgerald et al. 2012; Rawley and Constantinidis 2009) . The relative roles of prefrontal and parietal areas in the execution of cognitive functions are not entirely clear. In principle, cognitive functions may be fully distributed across several brain areas performing these functions in parallel; alternatively, coactivated areas may still be specialized for distinct roles in these functions . Some specialization appears to exist with respect to spatial working memory. Prefrontal neurons are better able to represent the location of a stimulus actively held in memory and to resist the effect of distractors, while posterior parietal neurons appear to represent the most recent stimulus whether it is a target or distractor (Constantinidis and Steinmetz 1996; di Pellegrino and Wise 1993; Qi et al. 2010; Suzuki and Gottlieb 2013) .
The ability of prefrontal neurons to filter distractors has been demonstrated across a variety of behavioral tasks in the studies referenced above and lends credence to the idea of a unique role of the PFC during working memory. However, it is notable that all these experiments involved memory for the first of a series of stimuli and evaluated the effect of subsequent distractors. It is not known if the ability of the PFC to filter distractors extends to stimuli appearing earlier in a sequence, when subjects are cued to remember subsequent ones. Neurons selective for the order of stimulus presentation have been demonstrated in the PFC in tasks requiring memory of multiple objects (Berdyyeva and Olson 2010; Inoue and Mikami 2006) , and it is unclear if this task preference is subordinate to filtering of distractors.
The effect of different tasks on neuronal activity is also important. The activity of both prefrontal neurons (Hoshi et al. 1998; Wallis et al. 2001; Wallis and Miller 2003; White and Wise 1999) and posterior parietal neurons (Rawley and Constantinidis 2010; Stoet and Snyder 2004) is modulated by task rules. By some accounts, the PFC is critical for the representation of task information, as evidenced by the profound deficits in the ability to maintain task information in memory and switch between tasks after prefrontal lesions (Buckley et al. 2009; Rossi et al. 2007 ). However, it is unknown how the representation of stimulus and distractor information in neural activity is influenced by different task rules in the prefrontal compared with the parietal cortex.
We were thus motivated to examine the responses of neurons in the dorsolateral prefrontal (dlPFC) and PPC in tasks that required monkeys to remember either the first or second of two stimuli appearing in sequence. Our experiment addressed whether the PFC is better able to filter distractors appearing either before or after the actively remembered stimulus, which was used to guide an eye movement, and how task information influenced this representation in the two areas.
METHODS
Two male, rhesus monkeys (Macaca mulatta) weighing 7-9 kg were used in this study. All surgical and animal use procedures in this study followed guidelines by the U.S. Public Health Service Policy on Humane Care and Use of Laboratory Animals and the National Research Council's Guide for the Care and Use of Laboratory Animals and were reviewed and approved by the Wake Forest University Institutional Animal Care and Use Committee.
Surgery and neurophysiology. Two 20-mm diameter recording cylinders were implanted over the dlPFC and the PPC of the same hemisphere in each monkey (Fig. 1A) . Extracellular activity of single units was recorded using arrays of two to eight microelectrodes in each cylinder, either with glass-coated, tungsten microelectrodes (250-m diameter, impedance of 1 M⍀ at 1 kHz; Alpha-Omega Engineering, Nazareth, Israel) or epoxylite-coated tungsten microelectrodes (125-or 250-m diameter; impedance of 4 M⍀ at 1 KHz; FHC, Bowdoin, ME). Electrodes were advanced individually into the cortex with a microdrive system (EPS drive; Alpha-Omega Engineering). The electrical signal from each electrode was amplified, bandpass filtered between 500 and 8 kHz, and recorded with a modular data acquisition system at a 25-s resolution (APM system; FHC). The anatomical location of electrode penetration was determined based on MR imaging of the brain. Neuronal data were collected from areas 8a and 46 of dlPFC including both banks of the principal sulcus and areas 7a and the lateral intraparietal area of the PPC in the lateral bank of the intraparietal sulcus.
Behavioral tasks. The monkeys faced a computer monitor 60 cm away in a dark room with their head fixed. Eye position was sampled at 240 Hz, digitized, and recorded with an infrared eye position tracking system (model RK-716; ISCAN, Burlington, MA). The visual stimulus presentation and behavior monitoring were controlled by in-house software (Meyer and Constantinidis 2005) implemented in the MATLAB computational environment (Mathworks, Natick, MA), using the Psychophysics Toolbox (Brainard 1997) .
The tasks used in the present study were variations of the oculomotor delayed response task (Funahashi et al. 1989 ) but involved two stimuli appearing in sequence, requiring the monkey to remember and make an eye movement to either the first or the second stimulus (see Figs. 2 and 6 ). The monkeys were trained to saccade to the location of the remembered stimulus according to the color of fixation point (Fig. 2) . After the animals fixated at a white/blue square (0.2°in size) located at the center of the monitor for 1 s, two white squares (1.5°in size) were displayed sequentially for 0.5 s, with a 1.5-s intervening delay period (D1). The first stimulus (S1) was displayed pseudorandomly at one of eight locations arranged along a circular ring of 12°eccentric-ity, with a 45°angular separation between neighboring stimuli. The second stimulus (S2) always appeared at the diametric location relative to the first stimulus. After a second delay period of 1.5 s (D2), the monkeys were required to saccade to the location of the first stimulus if the fixation point was white in color (remember-first condition) and to the location of the second stimulus if the fixation point was blue (remember-second condition). To minimize the uncertainty about the stimulus to be remembered, the remember-first and remember-second conditions were presented in blocks of trials. The animal was required to perform eight correct trials of the rememberfirst task, involving presentation of the first stimulus in each of the eight locations in the ring, before the task alternated to the remembersecond condition. The monkeys were rewarded with fruit juice after making a correct saccade. Breaking fixation exceeding a 2°window led to the immediate termination of the trial without reward.
The two animals were also tested with a variation of the task, using stimulus sets where the second stimulus was randomized with respect to the first (see Fig. 6 ). The basic rules of the task and the set of possible stimulus locations remained the same, requiring the monkeys to make a saccade to the location of first stimuli when the fixation point was white and to the location of the second stimulus when it was blue. However, the location of the second stimulus varied with respect to the first stimulus and was either the same as S1 or offset (either clockwise or counterclockwise in different sets) by 45, 90, or 180°; a final condition involved no second stimulus presentation (see Fig. 6 ). The stimulus sets we used involved presentation of the first stimulus at only one of two possible locations: in the receptive field and diametric to it. These were followed by five possible second stimulus conditions as described above. Trials with white and blue fixation points were presented in blocks, also as described above. When these randomized-stimulus sessions were run, the monkey was first tested with a single-stimulus oculomotor delayed response task to map the receptive field of neurons recorded, so as to guide selection of the location of stimuli. The single-stimulus oculomotor delayed response task was not used in the diametric-distractor sets, as these sets involved presentation of the first and second stimulus in all eight locations, and mapping of the receptive field was not necessary ahead of time.
Behavioral performance. We calculated behavioral performance as the percentage of trials that resulted in correct saccades into the target window. Trials that were aborted before end of the second delay period (due to premature saccades or blinks) were not included in this analysis. The target window was a 7°circle around the center of the stimulus. As the distance between adjacent targets was 9.2°, some saccades that landed closer to an adjacent location than the target itself were still rewarded. In this sense, our finding of lower performance Successive frames illustrate the sequence of stimulus presentations in the behavioral tasks. In the remember-1st task (left), the white color of the fixation point instructed the monkeys that the 1st stimulus should be remembered. After the 2 stimulus presentations, with delay periods intervening between them, the fixation point turned off and that cued the animal to make an eye movement towards the direction of the 1st stimulus. In the remember2nd task (middle), the blue fixation point (dark gray) instructed them to remember and saccade to the location of the 2nd stimulus. The 1st stimulus in either task could appear at 1 of 8 locations arranged on a ring of 12°e ccentricity (right). The 2nd stimulus appeared always diametric to the 1st. Blocks of remember-fist and remember-2nd trials alternated during recordings.
for sequences of targets appearing at adjacent locations (see Fig. 3B ) was conservative. Neural data analysis. Recorded spike waveforms were sorted into separate units using an automated cluster analysis method referred to as the KlustaKwik algorithm (Harris et al. 2000) , which applied principal component analysis of the waveforms. Neurons with significant elevation of firing rate during the presentation of delay periods were identified by comparing the firing rate in the 1.5-s interval of the delay period with the 1-s interval of fixation (paired t-test, P Ͻ 0.05). Data from correct trials only are presented here. Most analysis was performed on neurons with significantly elevated responses during the first delay period. The stimulus location that elicited the best response in this period was identified, and this location was used for comparison between tasks.
To quantify the relative selectivity for remembered stimuli and distractors, we calculated three selectivity indexes (SI 1-3 ). In each case, the selectivity index compares the mean discharge rate following different stimuli in the same delay period, as follows:
1) SI 1 ϭ (distractor in Ϫ distractor out)/(distractor in ϩ distractor out), for the second delay period of the remember-first task.
2) SI 2 ϭ (distractor in Ϫ distractor out)/(distractor in ϩ distractor out), for the second delay period of the remember-second task.
3) SI 3 ϭ (remembered Ϫ distractor)/(remembered ϩ distractor), for the first delay period, remembered stimulus from the rememberfirst task, and distractor from the remember-second task.
RESULTS
Neurophysiological data were collected from areas 8a and 46 ( Fig. 1) of the dlPFC and areas 7a and lateral intraparietal area of the PPC of two monkeys as they performed working memory tasks. The monkeys were trained to remember one of two stimuli presented in sequence depending on the color of the fixation point and make a saccade towards it (Fig. 2) . A white fixation point instructed them to remember the location of the first stimulus; we refer to this as the "remember-first" condition. A blue fixation point indicated that the monkeys needed to saccade towards the second stimulus ("remembersecond" condition). The monkeys received liquid rewards for correct responses. To reduce the ambiguity of the task, we ran the two conditions in blocks of trials rather than completely randomized. The monkeys needed to complete 8 -10 correct trials in the remember-first condition (1 of each trial type) before switching to the remember-second condition. For both conditions, the stimuli appeared pseudorandomly in one of eight locations, arranged on a ring of 12°eccentricity (Fig. 2,  right) .
Database. We collected a total of 552 neurons from the PPC (300 and 252 from monkeys GR and HE, respectively) and 426 neurons from the dlPFC (158 and 268 from monkeys GR and HE), across all experiments and task conditions. We initially used a stimulus set in which the second stimulus always appeared at a location diametric to the first, an arrangement that allowed us to test the effects of remembered stimulus and distractor (nonremembered stimulus) presentation in and out of the receptive field and to compare our results with those of previous studies using the identical remember-first task (Qi et al. 2010) . A total of 220 neurons from dlPFC and 314 from PPC were recorded during this experiment. Both animals performed the remember-first task better (Fig. 3A) , although the difference in performance was significant for only one monkey (paired t-test, t 27 ϭ 2.28, P Ͻ 0.05; t 30 ϭ 0.52, P Ͼ 0.6, for the 2 animals, respectively). Performance varied considerably when we used an alternative task, varying the location of the second stimulus (Fig. 3 , B and C, discussed below). A total of 205 neurons from dlPFC and 235 from PPC were recorded with this randomized stimulus set.
First and second delay period activity. In order for the monkeys to perform the task, they must be able to represent the relevant stimulus in neuronal activity. We focused particularly on persistent activity following the presentation of each stimulus, which provides a neural correlate of spatial working memory (Funahashi et al. 1989 ). Responses of a representative neuron from dlPFC are shown in Figure 4 , with histograms arranged so as to indicate the location of the first stimulus presented in each trial. Based on the first stimulus presentation in the remember-first task, the neuron exhibited a large, bilateral receptive field, with strongest responses in the lower hemifield (Fig. 4A) . Appearance of the second stimulus in the receptive field also elicited responses (e.g., S2 stimulus in top right histogram in Fig. 4A ). Neuronal activity persisted after stimulus presentation in the first (D1) and second delay periods (D2). Importantly, switching between tasks produced systematic changes in neuronal activity. During the remember-second task ( Fig. 4B ), neuronal responses were generally decreased. This was most obvious for the activity in the first delay period (Fig. 4C) . Analysis of such responses in the different epochs and conditions of the task allowed us to address how the neuronal activity differed for the remembered stimulus and the distractor, how activity changed when the animals were cued to Fig. 3 . A: behavioral performance (percentage of trials that ended in correct responses) in the task using diametric distractors, during recording sessions. Black (monkey HE) and gray (monkey GR) represent the 2 animals in the remember-1st and remember-2nd conditions (n ϭ 28, 31 sessions for monkeys GR and HE, respectively). Error bars represent means Ϯ SE across daily sessions. B: behavioral performance in the remember-1st task, with randomized distractors. Different 2nd-stimulus conditions are depicted in the abscissa based on their angular distance from the 1st stimulus. In the null condition, no 2nd stimulus was presented. C: behavioral performance in the remember-2nd task, with randomized distractors. In the null condition, no 1st stimulus was presented.
remember the first or the second stimulus, and how activity differed between the two cortical areas we recorded from.
We identified neurons with significantly elevated responses in the first delay period, compared with the fixation period (paired t-test, P Ͻ 0.05). A total of 107 such neurons were identified in the dlPFC (10 and 97 in monkeys GR and HE, respectively) and 95 in the PPC (22 and 73 in monkeys GR and HE, respectively). We then examined whether responses in the first delay period were greater overall in the population of neurons when the monkey was cued to remember the first stimulus. If the PFC selectively represents relevant stimulus information, we reasoned, neurons that selectively filter distractor activation should provide a neural correlate for this functional specialization. We performed a two-way ANOVA for the responses of each neuron, using spatial location and task (remember-first or remember-second) as factors, and iden- Histograms are arranged in so as to indicate the location of the 1st stimulus location in the screen. Labels over the rasters indicate fixation epoch (F), 1st stimulus (S1), 1st delay (D1), 2nd stimulus (S2), 2nd delay (D2), and response (R). Horizontal lines under rasters indicate the 1st and 2nd delay periods, which were used for analysis. B: responses in the remember-2nd task. C: polar plots depict responses during the 1st delay period in the remember-1st (black) and remember-2nd (gray) tasks. Dotted circles represent firing rate during the fixation period in the 2 tasks, averaged across all trials; sp/s, spikes per second. tified neurons with significant task effects. In the first delay period, a total of 10% (11/107) neurons had a significant task effect (P Ͻ 0.05), with a preference for the remember-first task (Fig. 5A) . In other words, these neurons had a higher overall preference to the remember-first condition over the remembersecond condition for identical stimuli, presented at the best receptive field location, as would be expected by neurons representing actively remembered stimuli and filtering distractors. However, a twice as large population of neurons (23/107, 21%) exhibited the opposite preference: a significant task effect with an overall preference for the remember-second task, meaning higher responses to the first stimulus in the receptive field when the monkey was cued that it is the second stimulus to be remembered (Fig. 5B ). In the second delay period, 16% (17/107) of the neurons had a significant task effect, 2% (2/107, less than the expected 2.5% false positive rate of the test) with a preference for the remember-first task, and 14% (15/107) with a preference for the remember-second task.
Distractor-preferring neurons were not an exclusive property of the dlPFC either. The PPC also exhibited neurons that responded best to a stimulus when it appeared as a distractor (Fig. 5, C and D) . Using the same two-way ANOVA test with spatial location and remember-first/remember-second task as factors, we found that in the first delay period 15% (14/95) of the neurons with elevated delayed period activity had a significant task effect (P Ͻ 0.05), with equal numbers preferring the remember-first (7/95) and the remember-second task (7/95). In the second delay period, 6% (6/95, close to the expected 5% false positive rate of the test) neurons had a significant task effect, again with comparable numbers of neurons preferring the remember-first task (3/95) and the remember-second task (3/95).
Randomized distractor. An important caveat for the interpretation of these results is that the location of the second stimulus was not randomized with respect to the first. Therefore, the first stimulus was informative about the location of the impending saccade even when the animals were cued with the blue fixation point to remember the second stimulus. It is possible that the preference for the distractor stimulus we obtained in some neurons was only a consequence of the predictability of stimulus location in the task. This may have also been the reason that we failed to detect a greater ability of dlPFC than PPC to filter irrelevant stimuli (e.g., the absence of responses after the first stimulus in the remember-second task), since the location of the "distractor" stimulus could have been used by the monkeys to perform the task. For these reasons, we Fig. 5 . A: population peristimulus time histograms (PSTH) averaging activity from dlPFC neurons with significantly elevated activity in the 1st delay period and a significant task effect, with a preference for the remember-1st task (black) over the remember-2nd task (blue) in this interval (n ϭ 11). Data are plotted for conditions with the 1st stimulus appearing in the receptive field (solid lines) and out of the receptive field (dotted lines). B: population PSTH of dlPFC neurons with elevated activity in the 1st delay period and an overall preference for the remember-2nd task (n ϭ 23). C: population PSTH of PPC neurons with significantly elevated activity in the 1st delay period and significant task effect, with a preference for the remember-1st task (n ϭ 7). D: population PSTH of PPC neurons with a preference for the remember-2nd task (n ϭ 7). Insets next to the PSTH represent schematically the presentation of the 1st and 2nd stimulus relative to the receptive field (arc); the location of the receptive field and stimulus differed for each neuron.
tested the same animals with a different stimulus set, which randomized the location of the second stimulus with respect to the first (Fig. 6) .
As in the diametric-distractor set, the monkeys were cued by the color of the fixation point to remember either the first or second stimulus, and trials were presented in blocks, requiring the monkeys to correctly complete all conditions of each stimulus set (10 correct trials in this case) before moving to a block of trials with a different fixation color. In the rememberfirst task, the first stimulus could appear in one of two locations, one typically at the best location of the receptive field of the neuron under study (e.g., to the left of fixation as depicted in Fig. 6A ) and its diametric location (not shown in Fig. 6A) . Each of the first stimulus presentations was followed by 1 of 5 possible conditions involving the second stimulus (Fig. 6A) , making up a total of 10 stimulus sequences. The second stimulus could appear at the same location as the first, at a location offset by 45°, at a location orthogonal to the first stimulus, and at a location diametric to it, or the second stimulus might not be presented at all (null condition). In the remember-second task, nearly identical stimulus sequences were used, with the only difference being that the null condition now involved no presentation of the first rather than the second stimulus (Fig. 6B) . Additionally, the rewarded response saccade direction for each condition differed for each sequence, since the location of the second stimulus varied, and this was the stimulus that needed to be remembered.
The randomized stimulus sets were generally more challenging for the monkeys, as evidenced by lower performance, particularly for some of the conditions of the remember-first task. The lowest performance for both animals was observed when the second stimulus appeared at a location offset by 45°f rom the initial stimulus, which were to be remembered (Fig.  3B) . Such pattern of behavior is predicted by models of working memory maintenance (Compte et al. 2000) and is similar to results from human studies (Herwig et al. 2010) . Interestingly, performance in the remember-second task was markedly higher. It appears that the randomized stimulus location did not produce a behavioral challenge in the context of this task, even when the first stimulus was offset by 45°from the second one (Fig. 3C ).
Using this stimulus set, we recorded neuronal responses from the dlPFC and PPC, as in the first phase of the experiments. Responses of one representative neuron from the dlPFC are shown in Fig. 7 . In the remember-first task, the neuron exhibited sustained activity in the first delay period after the first stimulus presentation in the receptive field (Fig. 7A) . This was modulated transiently during the presentation of the second stimulus, depending on its location, but generally persisted in the second delay period (D2) as well (see black trace in polar plot of Fig. 7C for the 4 available locations of the second stimulus). As was the case with the basic stimulus set, many neurons exhibited task effects and responded differently to identical stimulus sequences when the animal was cued to remember the first or second stimulus. The neuron depicted in Fig. 7 had markedly reduced activity in the second delay period of the remember-second task (Fig. 7, B and C) . This change was partly explained by which stimulus needed to be remembered. For example, when the first stimulus needed to be remembered and that was in the receptive field, activity in the second delay period was higher compared with when the identical sequence required the second stimulus to be remembered, and that was not in the receptive field (compare 3rd and 4th rows of Fig. 7A with 3rd and 4th rows of Fig. 7B ). However, changes were observed in many neurons also for conditions that involved presentation of the first and second stimulus in the same location (Fig. 7, A and B, top rows) .
We proceeded to analyze responses across the population of neurons recorded in the dlPFC and PPC, again focusing on neurons with significantly elevated activity after a stimulus presentation. We recorded 75 neurons with persistent activity in the delay period after the first stimulus presentation in the dlPFC (47 and 28, from the monkeys GR and HE, respectively) and 85 such neurons in the PPC (21 and 64, from monkeys GR and HE, respectively). We were particularly interested to examine whether higher responses for a stimulus when it appeared as a distractor that we observed in the first phase of experiments were abolished for the stimulus set that randomized the stimulus location. Using a two-way ANOVA analysis of discharge rates in the first delay period, with factors spatial location and remember-first/remember-second task, revealed that this was not the case. A total of 23% (17/75) of Fig. 6 . Successive frames illustrate the sequence of stimulus presentations in the randomized distractor tasks. A: in the remember-1st task, the 1st stimulus could appear at 1 of 2 locations; one typically in the receptive field of the neuron under study (shown as left location) and its diametric (not shown). Each 1st stimulus could be followed by 5 randomly interleaved conditions: a 2nd stimulus at the same location as the 1st, at a location offset by 45, 90, or 180°, or no 2nd stimulus (null condition). The monkey was required to make an eye movement to the 1st stimulus, regardless of the location of the distractor. B: in the remember-2nd task, the 1st stimulus (which was now a distractor) could again appear at 1 of the 2 locations, followed by a 2nd stimulus at the same possible locations relative to the 1st, as in the remember-1st task. The null condition in the remember-2nd task involved no stimulus presentation during the 1st interval. The monkey was required to make an eye movement to the location of the 2nd stimulus. dlPFC neurons had a significant task effect (P Ͻ 0.05), with the majority of those (11/75, 15%) having a preference for the remember-second task compared with 8% (6/75) that preferred the remember-first task. In the PPC, 12% (10/85) of neurons exhibited task effects during the first delay period, with 9% (8/85) exhibiting a preference for the remember-first task and 2% (2/85, less than the expected 2.5% false positive rate of the test) having a preference for the remember-second task.
Remembered stimulus vs. distractor. We next sought to determine whether systematic differences exist between the two brain areas in their ability to represent the remembered stimulus and to resist distractors, using the data from the randomized distractor set. We plotted activity from neurons with significantly elevated delay period activity and computed the difference between conditions. In the remember-first task, only a minor difference in dlPFC activity was observed when the second stimulus (distractor) appeared in the receptive field, or opposite to it (net positive difference is represented as red shading in Fig. 8A ; net negative difference as blue shading). The difference between conditions was more pronounced for the PPC, indicating that neuronal activity diminished to a Fig. 7 . A: rasters and histograms from 1 representative neuron recorded in the dlPFC, tested with the randomized distractor stimulus set, in the remember-1st task. Insets next to each histogram represent the actual stimulus and receptive field location for this neuron. Horizontal lines under rasters indicate the 1st and 2nd delay periods, which were used for analysis B: responses of the same neuron in the remember-2nd task. C: polar plot depicting responses in the tested locations for the 2nd stimulus with the remember-1st (black) and remember-2nd task (gray). Dotted circles represent firing rate during the fixation period in the two tasks, averaged across all trials.
greater extent after the appearance of a distractor out of the receptive field, even though the monkey was required to remember the initial stimulus (Fig. 8B) . The average value of the selectivity index SI 1 , which computes the difference in the second delay period of the remember-first task as follows, SI 1 ϭ (distractor in Ϫ distractor out)/(distractor in ϩ distractor out) was Ϫ0.002 for the dlPFC and 0.096 for PPC, which was a significant difference (t-test, P Ͻ 0.01). Also, only the mean SI 1 value for the PPC was significantly different from zero (one-sample t-test, P Ͻ 0.005 for PPC, P Ͼ 0.8 for dlPFC). It was notable that most of this difference between areas emerged late in the delay period (shaded areas, Fig. 8, A and B) .
To address more directly how well individual neurons in the remember-first task represented the remembered stimulus and distractors, we performed a two-way ANOVA on the mean firing rate of neurons in the second delay period, using as Fig. 8 . A: population PSTH averaging activity from dlPFC neurons with significantly elevated activity in the 1st delay period, with the randomized distractor set, in the remember-1st task (n ϭ 75). Traces with solid and dotted lines differ in the location of the 2nd stimulus (distractor), in the receptive field or opposite to it, respectively. Red shaded area illustrates the positive difference between the two conditions; blue shaded area illustrates the negative difference (this is not an indication of statistical significance). B: same as in A for PPC neurons (n ϭ 85). C: population PSTH of dlPFC neurons with elevated activity in the 1st delay period in the remember-2nd task (n ϭ 75). Traces with solid and dotted lines differ in the location of the 1st stimulus (distractor) in the receptive field and opposite to it, respectively. Shaded area illustrates the (positive) difference between the 2 conditions (this is not an indication of statistical significance). D: same as in C, for PPC neurons (n ϭ 85). E: population PSTH of neurons with elevated activity in the 1st delay period. Blue and black lines represent the remember-1st and remember-2nd conditions, respectively (n ϭ 75). F: same as in E for PPC neurons (n ϭ 85). Insets next to the PSTH represent schematically the presentation of the 1st and 2nd stimulus relative to the receptive field (arc), which differed for each neuron and so did the actual location of the stimulus.
factors the location of the first stimulus and the location of the second stimulus. The ANOVA revealed that in the dlPFC 25% of neurons exhibited a significant (P Ͻ 0.05) main effect of the first (remembered) stimulus and only 12% of the second (distractor). In the PPC, the preference was reversed: 15% of the neurons exhibited a significant (P Ͻ 0.05) main effect of the first stimulus location, whereas 26% of the neurons exhibited a main effect for the second stimulus. Collectively, these analyses of the remember-first task demonstrated that prefrontal activity was better able to represent the first stimulus location and resist the effect of a distractor, a result replicating the effect of prior studies (Qi et al. 2010 ).
In the remember-second task, the effect of a distractor appearing out of the receptive field was more similar for the two areas (Fig. 8, C and D) . Over the second delay period, both areas represented equally effectively the second, most recent stimulus, which was to be remembered, even when the first stimulus had appeared out of the receptive field. The average value of the selectivity index SI 2 ϭ (distractor in Ϫ distractor out)/(distractor in ϩ distractor out) was 0.053 for the dlPFC and 0.095 for PPC that were not significantly different from each other (t-test, P Ͼ 0.05). Both values were significantly different from zero (one-sample t-test, P Ͻ 0.005 for both areas). A two-way ANOVA on the mean firing rate of neurons in the second delay period, using as factors the location of the first stimulus and the location of the second stimulus, revealed predominance of the second stimulus representation in both dlPFC and PPC. A total of 29% of PPC neurons exhibited a significant main effect for the second stimulus (P Ͻ 0.05), compared with 5% of neurons with a significant effect for the first stimulus (equal to the expected false positive rate of the test). In the dlPFC, the equivalent percentages were 16% and 15%, respectively.
Pooling data of the second delay period from both the remember-first and remember-second tasks and performing a three-way ANOVA with factors first stimulus location, second stimulus location, and task confirmed the dominance of second stimulus information in the PPC across tasks. A total of 39 (46%) of PPC neurons exhibited a significant (P Ͻ 0.05) main effect of the second stimulus location, whereas only 14 (16%) exhibited an effect of the first stimulus. In contrast, first stimulus information predominated in the dlPFC: 23 (31%) of neurons had a significant effect of first stimulus location and 17 (23%) of the second.
We also wished to compare the relative timing of stimulus representation in the two areas. We thus performed a two-way ANOVA using as factors the location of the first stimulus and the location of the second stimulus in sliding 250-ms windows spanning the entire trial. This allowed us to determine the percentage of neurons with a significant main effect of first stimulus location at each time point, plotted at the center of each 250-ms window used, for the two tasks and areas (Fig. 9) . As already noted, information about the first stimulus persisted in the second delay period to a greater extent for the dlPFC. The present analysis revealed that in the remember-first task both areas encoded the location of the stimulus robustly while it was present on the screen. The relative superiority of the dlPFC to represent the remembered stimulus appeared shortly after the end of the stimulus presentation and remained fairly stable through the remainder of the trial (Fig. 9A ). In the remember second task, the representation of the initial stimulus declined quickly in the first delay period, although a residual percentage of dlPFC neurons continued to represent the initial stimulus throughout the trial (Fig. 9B) . Representation of the second stimulus only emerged late in trial, and it was greatly diminished in the dlPFC compared with the PPC when the Fig. 9 . A: proportion of neurons with significantly elevated delay period activity and a significant main effect of 1st stimulus location during the remember-1st task. This was computed in a time-resolved fashion, in sliding windows of 250-ms bin size, for the dlPFC (gray line, total n ϭ 75) and PPC cortex (black line, total n ϭ 85). B: data for the same neurons plotted as in A for the remember-2nd task. C: proportion of neurons with significantly elevated delay period activity and a significant main effect of the 2nd stimulus location during the remember1st task. D: data for the same neurons plotted as in C for the remember-2nd task. monkey was required to remember the first stimulus (Fig. 9C) . Similar representations in the two areas for the second stimulus were observed in the remember-second task (Fig. 9D) .
We went on to compare the remember-first and remembersecond tasks in terms of neurons' ability to resist a distractor whether it appeared as first (in the remember-second task) or second in the sequence (in the remember-first task). A linear regression of SI 2 on SI 1 revealed that only PPC neurons exhibited similar distractor selectivity in the two tasks, as evidenced by a positive and significant slope of the regression line of Fig. 10 for the PPC (P Ͻ 0.0005). The dlPFC exhibited a negative slope of SI2 regressed on SI1, which was significantly different from the slopes of the PPC neurons (F-test, P Ͻ 0.001). This result also demonstrates the unique ability of the PFC to resist distractors, once the first stimulus was held in memory.
A corollary of the substantial percentage of neurons with higher responses after distractors described in the previous section was that there was no overwhelming preference for a remembered stimulus over a distractor across the entire population. Examining the first delay period (Fig. 8, E and F) revealed essentially identical responses for a remembered stimulus (in the remember-first task) and the same stimulus appearing as a distractor (in the remember-second task). This was true for both areas. Average values for a selectivity index comparing activity in the first delay period SI 3 ϭ (remembered Ϫ distractor)/(remembered ϩ distractor) were Ϫ0.013 for dlPFC and 0.004 for PPC. There was no difference between areas (t-test, P Ͼ 0.2), and neither value was significantly different from zero (one-sample test, P Ͼ 0.3 for both areas).
Since the main condition differentiating dlPFC and PPC was the better ability of dlPFC to resist a distractor in the remember-first task, we further explored the effect of distractors (second stimulus) in this task appearing at different locations, following presentation of the first stimulus in the receptive field. There was little influence of the location of the distractor on the activity of dlPFC neurons in the second delay period (Fig. 11A ) and no significant difference in firing rate, depending on the location of the distractor (ANOVA, F 4,370 ϭ 0.82, P Ͼ 0.5). In contrast, PPC activity varied significantly depending on the location of the distractor (ANOVA, F 4,420 ϭ 4.06, P Ͻ 0.005). In the remember-second task, activity in the second delay period (which now followed the actively remembered stimulus) varied depending on the location of the second stimulus in both areas (Fig. 11B) . There was little difference between areas in their overall spatial selectivity, as measured by the difference in responses between the best and diametric location in the first delay period (Fig. 11C) . No significant effect of area was detected (three-way ANOVA, with factors area, task, and location, P Ͼ 0.2).
Task effects. While our primary goal was to determine the relative responsiveness of dlPFC and PPC to the first and second stimulus when they were being actively remembered, our study also allowed us to compare the modulation of neurons by task rules in the two areas. Profound impairments in the representation of task rules in working memory and in switching between rules have been reported specifically after lesions of the PFC (Buckley et al. 2009; Rossi et al. 2007) , suggesting that task representation may be more dominant in the prefrontal than the parietal cortex. We sought to test Fig. 10 . A: each dot represents a single dlPFC neuron with significantly elevated activity in the delay period (n ϭ 75). Values depicted in the ordinate correspond to contrast ratio SI 1 , obtained from the mean firing rate of the 2nd delay period, in the remember-1st task, when the 1st stimulus appeared in the receptive field. SI 1 represents the difference in mean rate in the 2nd delay period of the remember-1st task between trials where the 2nd stimulus appeared in the receptive field vs. trials where the 2nd stimulus appeared out of the receptive field, divided by their sum. The abscissa represents SI 2 , involving the same firing rate contrast as SI 1 but obtained from the remember-2nd task. B: same as in A for PPC neurons (n ϭ 85). Solid lines indicate the diagonal where SI 1 ϭ SI 2 . Dotted lines represent linear regression lines through the data. Fig. 11 . A: averaged, normalized discharge rate in the 2nd delay period of the remember-1st task is depicted as a function of the distance of the 2nd stimulus relative to the 1st for dlPFC (gray, n ϭ 75) and PPC (black, n ϭ 85). Firing rates have been normalized relative to the stimulus condition that elicits the best response in the delay period across all conditions, for each neuron. Error bars represent means Ϯ SE across neurons. B: mean normalized firing rates in the 2nd delay period of the remember-2nd task. C: averaged, normalized firing rate in the 1st delay period, using the same normalization procedure, for the same neurons used in A and B.
therefore the relative proportion of neurons that are modulated by task rules.
As already described above, the remember-first and remember-second tasks modulated neuronal responses to the same stimulus sequences depending on the task executed, so we identified neurons with a significant main effect of task involving identical first and second stimulus locations, using a twoway ANOVA. In the experimental condition where the second stimulus was always diametric to the first, 32% (34/107) neurons in the dlPFC exhibited a significant task effect (P Ͻ 0.05) during the first delay period. In contrast only 15% (14/95) PPC neurons exhibited the same type of effect, a significant difference between areas ( 2 -test, P Ͻ 0.005). Comparable percentages of neurons exhibited significant interaction (P Ͻ 0.05) between the task and location factors (10/107 in dlPFC, and 12/96 in PPC). For the second delay period, 16% (17/107) of dlPFC neurons exhibited a task effect, contrasted with 6% (6/95, comparable to the 5% false positive rate of the test) of PPC neurons, which again represented a significant difference ( 2 -test, P Ͻ 0.05). A total of 11% (12/107) neurons in dlPFC and 4% (4/96, comparable to the expected 5% false positive rate of the test) neurons in PPC exhibited significant interaction during the second delay period. These results confirmed that more dlPFC than PPC neurons are modulated by task rules during the delay periods of the task. A similar trend was observed for the experimental condition where the location of the second stimulus was randomized relative to the first: a total of 23% (17/75) neurons in the dlPFC exhibited a significant task effect during the first delay period whereas 12% (10/85) PPC neurons exhibited the same type of effect, although the difference between areas did not reach statistical significance ( 2 -test, P ϭ 0.058). A total of 12% (9/75) neurons in dlPFC and 4% (3/85, less than the expected 5% false positive rate of the test) neurons in PPC exhibited significant interaction in this epoch. For the second delay period, 8% of dlPFC neurons exhibited a task effect, contrasted with 6% of PPC neurons ( 2 -test, P Ͼ 0.5).
We also wished to determine if there were neurons with preference for one task over the other, even before the appearance of any stimuli. We thus identified 49 neurons in the dlPFC (22%) out of a total 220 neurons recorded in the experimental condition where the second stimulus was always diametric to the first and 12 neurons in the PPC (4%, less than the expected 5% false positive rate of the test) out of 314 total neurons, with significantly different responses during the fixation period between task conditions (t-test, P Ͻ 0.05). The difference in the percentage neurons with task effects in the two areas was highly significant ( 2 -test, P Ͻ 10 Ϫ5 ). We found virtually identical results in the experimental condition with the randomized distractor location: 42/205 (20%) of dlPFC neurons and 13/235 (6%, comparable with the expected 5% false positive rate of the test) of PPC neurons exhibited significant task effects in the fixation period ( 2 -test, P Ͻ 10 Ϫ5 ). We lastly examined whether task preference during the delay period of the task was the result of task preference already present during the fixation period and whether the difference between areas in task preference could be accounted for by responses in the delay period. This was not the case. We found no significant correlation between preference for the remember-first over the remember-second task during the fixation interval and the first delay interval (where we saw the greatest task effects). This was the case for both the dlPFC (r ϭ 0.04, P Ͼ 0.7; Fig. 12A ) and the PPC (r ϭ 0.07, P Ͼ 0.5; Fig. 12B ).
DISCUSSION
Our study compared neuronal activity in the PPC and dlPFC, two cortical areas implicated in the maintenance of spatial working memory and planning of future actions (Constantinidis and Procyk 2004), using tasks requiring recall of either the initial or final stimulus in a sequence. This paradigm allowed us to determine neural activity representing identical stimuli when they have to be remembered or when they are presented as distractors. Our results revealed differences between areas, as PPC activity was affected by the most recent stimulus, and dlPFC was better able to better represent the actively remembered stimulus, resisting the effects of distractors. Additionally, we found that more neurons in the dlPFC than PPC were modulated by the task, as evidenced by different responses to identical stimuli, depending on whether the monkey performed the remember-first or remember-second task. Unexpectedly, we also observed a large proportion of neurons active during the delay period exhibiting paradoxical activity, with stronger representation of a stimulus when it appeared as a distractor than when it was required to be remembered, in both areas, presumably as a result of activity modulation by task rules. Our results are revealing about the specialization of cortical areas and about how the representation of task rules is interfaced with spatial working memory.
Behavioral performance. The two monkeys exhibited similar patterns of behavioral performance in our task. When tested with distractors that always appeared at a diametric location to the remembered stimulus, performance was slightly worse in Fig. 12 . A: each dot represents one dlPFC neuron with significant delay period activity (n ϭ 75). Values depicted in the ordinate correspond to difference in firing rate between the remember-1st and remember-2nd task in the 1st delay period, divided by the sum of the 2 values. Values depicted in the abscissa represent difference between the remember-1st and remember-2nd task during the fixation period, divided by the sum of the 2 values. B: same as A for PPC neurons (n ϭ 85). Solid lines indicate the diagonal; dotted lines represent linear regression lines through the data.
the remember-second than in the remember-first condition (Fig. 3A) . We replicated this finding for the diametric distractor in the randomized set (compare 180°data point in Fig. 3 , B vs. C). The results suggest that the initial stimulus is easier to remember and that recall of the second stimulus is worse, although the difference in performance between conditions was modest. We should note, however, that the monkeys were first trained to remember the first stimulus and it is possible that they exhibited an overall preference for this task throughout experiments.
Behavioral performance degraded considerably when distractors were placed at locations closer to the stimulus to be remembered (Fig. 3, B and C) . The most prominent effect in both monkeys was observed when the monkey needed to remember the first stimulus and a distractor followed it at a 45°a ngular displacement (Fig. 3B) . The ability of a distractor to disrupt persistent activity when appearing at a nearby location relative to the remembered stimulus has been predicted by computational models as a property of network connections between populations of neurons with overlapping receptive fields (Compte et al. 2000; Wimmer et al. 2014) . Similar interference by a nearby distractor has also been described in humans (Herwig et al. 2010) . In contrast, when the monkeys knew that the initial stimulus was to be ignored, they were able to successfully represent the second stimulus, even when the two stimuli appeared at the closest, 45°distance (Fig. 3C) , suggesting behavioral performance depending on stimulusspecific interactions.
Comparison of prefrontal and parietal cortex. Analysis of neural activity in the remember-first task replicated a number of prior findings from the PFC and PPC. We confirmed that both prefrontal and posterior parietal neurons exhibited persistent responses during the delay period of the task (Chafee and Goldman-Rakic 1998; Constantinidis and Steinmetz 1996; Quintana and Fuster 1992) . We also found that prefrontal activity representing the initial, remembered stimulus was less affected by distractors (Figs. 8, A and B, 9A, and 11), as also previously described (Qi et al. 2010; Suzuki and Gottlieb 2013) . Consistent with this finding, we saw that when we varied the location of the second stimulus relative to the first, activity in the second delay period was representing the location of the initial stimulus for more dlPFC neurons, whereas PPC neurons were modulated to a greater extent by the location of the second (distractor) stimulus (Fig. 11A) . A number of anatomical and physiological specializations between these two areas have been identified in terms of dopaminergic innervation, neurotransmitter receptor types, the spatial distribution of functional connectivity within each area, and the properties of putative interneuron types that could be responsible for differences in their functional properties Katsuki et al. 2013; Zhou et al. 2012) .
The remember-second task allowed us to address the contributions of these areas in a task requiring spatial memory of a stimulus other than the first in the sequence and planning of a saccade towards it. We reasoned that if the PFC is representing the actively remembered stimulus and PPC the most recent one, then robust activity representing the second stimulus would be present in both areas following the second stimulus in the remember-second condition. Our results were indeed consistent with this interpretation. We found that persistent activity over the delay periods of the task in both areas was equally able to represent the second, remembered stimulus, regardless of the location of the first (Fig. 8, C and D, 11) . One might also expect that execution of the remember-second task would suppress responses following presentation of the initial stimulus in the receptive field, at least in the PFC. However, there was little evidence of such reduction of responses compared with the remember-first task (compare Fig. 8, C with A) . As a consequence, the remember-second task did not differentiate well between prefrontal and parietal activity, since the most recent stimulus was the one to be remembered.
Task effects. Performing either the remember-first or remember-second task requires remembering the stimulus location as well as the task that is being rewarded. Modulation of neuronal activity elicited by identical stimuli when the monkey performs a different task has been previously demonstrated both in the PFC (Hoshi et al. 1998; Wallis et al. 2001; Wallis and Miller 2003; White and Wise 1999) and PPC (Rawley and Constantinidis 2010; Stoet and Snyder 2004) . Neurons have also been described that respond selectively to stimuli depending on their ordinal position in a sequence (Berdyyeva and Olson 2010; Inoue and Mikami 2006) . A direct comparison between prefrontal and parietal cortex has not been available in the context of spatial working memory although lesion studies in nonhuman primates reveal profound deficits in the ability to remember and switch between tasks, specifically after prefrontal lesions (Buckley et al. 2009; Rossi et al. 2007 ). Recent physiological studies have also shown stronger rule-based modulation of prefrontal responses compared with parietal ones in categorization paradigms (Crowe et al. 2013; Goodwin et al. 2012) , although other studies have reached opposite conclusions . We sought therefore to test if a larger proportion of prefrontal neurons represent and are modulated by the task information in the context of the working memory task.
In our study, the representation of task information in neuronal activity manifested itself in the form of preferential representation of one over the other task. This task preference was presumably responsible for the paradoxical preference for distractor stimuli that we observed, as well. Large proportions of neurons with delay period activity and task effects in both the dlPFC and PPC exhibited higher activity during the first delay period of the remember-second task compared with the remember-first task, even though the first stimulus was a distractor and the monkey correctly recalled the second stimulus. Preference for a second stimulus appearing as a distractor was also present among many neurons. We initially relied on a stimulus set where the distractor location was always diametric to the cue. It was conceivable therefore that the monkey planned a response to the second stimulus during the initial distractor presentation (in the remember-second task) or reinforced his plan for a movement to the initial, remembered stimulus during the presentation of the distractor (in the remember-first task). However, even when we randomized the second stimulus presentation, large proportions of neurons with delay period activity in both areas continued to exhibit this paradoxical distractor preference. As a consequence, we saw a negligible difference in activity in the first delay period following either presentation of a stimulus to be remembered or a distractor (Fig. 8, E and F) . This selectivity for the distractor was robust and persisted until the end of the trial (Fig. 9B) . A somewhat analogous effect of strong representa-tion of a stimulus that is not to be the target of the saccade has been previously reported in the PFC (Hasegawa et al. 2004) . It is possible that the paradoxical representation of the distractor stimulus is mediated by the same population of neurons that are activated by stimuli that represent inappropriate targets of a saccade.
Since the task rule was conveyed in our paradigm based on the color of the fixation point, the task differences we identified might also be attributed to some extent to differential representation of the color of the fixation point that persisted throughout the trial. Analysis of the time course of the task effect revealed dlPFC and PPC neurons exhibiting preference for one of the two fixation point colors; this, however, did not persist in the delay period (Fig. 12) . We cannot rule out an interaction between fixation point color and delay period activity, which appears only after a distractor presentation. Whether the effect was attributable specifically to the task rule or to an interaction between color and stimulus presentation, our conclusion remains the same, that representation of a remembered stimulus over distractors is context dependent and vulnerable to task attributes. For example, during the first delay period, a larger percentage of PFC than PPC neurons was more responsive to distractors than the remembered stimuli. A recent study comparing the PFC with the ventral intraparietal area of the PPC in the context of a numerosity matching task also found a stronger encoding of distractors in the PFC (Jacob and Nieder 2014) .
Taken together, our results demonstrate that persistent activity in the PFC better represents actively remembered stimuli and is modulated by task encoding to a greater extent, whereas the PPC encodes a more faithful representation of the physical world, regardless of task. On the other hand, we find that the difference with the PPC is quantitative rather than qualitative and that the ability to represent remembered stimuli is itself context dependent, so that a population of dlPFC neurons may respond strongly to distractors in animals trained to alternate between tasks.
